Abstract. The objective of this work is to present the results of the comparative analysis of YAG:Ce 3+ microstructural parameters obtained from x-ray powder diffraction (XRPD) data using Rietveld based Koalariet and Fullprof programs. YAG:Ce 3+ powder is obtained via low temperature aerosol route at 320 0 C followed by post annealing treatment. The chosen technique of synthesis, i.e. ultrasonic spray pyrolysis, provides the generation of spherically shaped and submicronically sized particles having composite nanostructure. Since the targeting garnet phase represents a very promising host phosphor material being doped with rare-earth ions, the most important criteria determining its applicability in various optical devices is the uniform distribution of the luminescent center in the host lattice as well as the cubic YAG phase crystallinity. Comparison of the data obtained for the same samples by the above mentioned XRPD analyses gives us an insight into the validity of the refined parameters.
Introduction
Y 3 Al 5 O 12 : Ce 3+ is phosphorescent material where yttrium aluminum garnet phase (YAG) represents a host lattice of doped Ce 3+ luminescent centers [1] . Phosphor materials play an important role in modern display industry such as production of cathode ray tubes, liquid crystals, field emission displays, etc. In order to enhance luminescent properties (brightness and resolution) of the final material certain morphological and structural requirements need to be fulfilled in YAG:Ce 3+ powder samples. The synthesized particles need to have spherical morphology, to be uniform in shape and size, non-agglomerated and to possess high crystallinity which ensures that the luminescent centers will be uniformly spaced throughout the host lattice [2, 3] . The synthesis of YAG phosphors is usually done through solid sate reaction between the corresponding oxides. Pure YAG phase is hard to achieve due to the fact that the Y 2 O 3 -Al 2 [4] . A conventional solid state reaction implies YAG:Ce 3+ formation at higher temperatures through chemical and physical processing that degrades the luminescent properties. Spray pyrolysis is one of the alternative solution-based methods that can provide the needed morphological and structural powder characteristics [5] . This method provides high heating rate during the short particles processing time enabling formation of a metastable or kinetically stable phase rather than thermodynamically stable ones [6] . As shown previously, the synthesis by spray pyrolysis route at 900°C led to the formation of YAG, YAM, Y 2 O 3 and Al 2 O 3 mixture which readily transformed to YAG phase after additional thermal treatment [7] . With the idea to maintain precursor solution homogeneity and to achieve only partial decomposition during the spray pyrolysis process we used here the low temperature aerosol decomposition route (at 320°C) to obtain amorphous powder that will convert to the YAG:Ce 3+ phase after additional heat treatment. The details of the synthesis procedure and powder morphological characteristics in as-prepared and annealed form will be published separately [8] , while here we focused on microstructural refinement and comparison of data obtained by two different Rietveld-based programs, Koalariet [9] and Fullprof [10] . The aim of this comparison is to determine which of two programs is more suitable for the characterization of YAG powder doped with cerium bearing in mind the nanocrystaline nature of these powders. Nanocrystallinity implies high density of defects that can be manifested as a common property of particles or they can be manifested as a domain within the scope of the particle. Proper evaluation of the real particle structure is the first step towards processing of materials with advanced properties.
Experimental
The low-temperature aerosol decomposition route was used to synthesize the YAG:Ce 3+ powder samples. The starting precursor solution was atomized at 1.3 MHz by an ultrasonic aerosol generator (RBI, France). The precursor solution was prepared by mixing yttrium and aluminum nitrates at the stoichiometric YAG phase ratio, Y:Al = 3:5. Cerium nitrate was added in order to achieve 2 at % of doping. The obtained aerosol was introduced by an air flow into a quartz tube reactor consisting of three heating zones. In the first zone the temperature was adjusted to 200°C to ensure the evaporation and dehydration, while in the second and the third zone the temperature was set to 320°C. Partially decomposed amorphous powder was collected and additionally annealed at 900 and 1000 °C for either 2 or 6h. The samples that were annealed for 6h were left to cool down together with the furnace, contrary to the 2h annealed samples which were rapidly cooled down being subjected to room temperature immediately after annealing. A more comprehensive description of the used experimental set-up is given elsewhere [7] .
Low magnification transmission electron microscopy (TEM, Tecnai 20 Philips, operating at 200kV) was used to evaluate the powder structure in combination with x-ray powder diffraction, XRPD, method. For TEM examinations, the samples were prepared by deposition of a small powder portion over carbon coated copper grids. A Philips PW 1050 diffractometer with Cu Kα (λ=1.54178Å) radiation was used to record the x-ray powder diffraction data. Patterns were registered in the 2θ range o with a step size 0.02 o and a counting time of 15 s. The generator was set-up at 40 kV and 20 mA. The structural refinement was carried out by using both Koalariet and Fullprof programs in order to determine precise microstructural parameters.
Results and Discussion
TEM micrographs revealed that low temperature aerosol decomposition followed by annealing at 1000°C for 2h resulted in the formation of spherical, solid and non-agglomerated particles with relatively uniform size distribution. According to Fig. 1a , the particle size range from 400 to 900 nm, with the average size of 600 nm. Independently of particle size, the inner particle structure exposed the presence of a concentration gradient formed due to high heating rates during synthesis. At higher magnification, TEM revealed that the particle structure consists of primary particles, Fig.1b . The presence of nanoporosity is also noticed.
X-ray powder diffraction data show that as-prepared particles are amorphous, Fig. 2 . The satisfactory content of crystallized YAG phase was obtained in the sample annealed at 1000 °C for 6h, while in other samples the crystallization of the intermediate phases was additionally observed. The sample annealed at 1000°C for 2h consisted of garnet YAG, monoclinic YAM, hexagonal and orthorhombic perovskite YAP phase and CeO 2 . As such, one can find that this sample is the most intriguing for the comparison of two different structural refining programs.
The experimental profile obtained by X-ray analysis presents convolution of contributions from the wavelength distribution, the instrumental and sample profiles [11] . There are different approaches for modeling instrumental and wavelength contributions. Koalariet uses fundamental parameter approach where physical phenomena, responsible for the instrumental and wavelength contribution, are modeled by mathematical functions while the final calculated profile is built by their numerical convolution. On the other hand, Fullprof determines instrumental contribution to broadening of diffraction peak by using the reference sample.
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Research Trends in Contemporary Materials Science a) b) Fig. 1 TEM -a) sample annealed at 1000°C-2h, b) inner particle structure. The crystallite size, strain and host lattice parameters of detected phases were determined through refinement of the following starting data. For cubic YAG phase, the crystal model used belongs to JCPDS 33-0040: space group Ia-3d, a=12.0089, atomic positions for Al 1 in 16a: x, y, z =0; Al 2 in 24d: x=0.375, y=0, z=0.25; for Y in position 24c: x=0.125 y=0 z=0.250; and for O in position x=-0.318 y=0.0499 z=0.149l. The isotropic atoms displacement was set to the starting value of 1. Similarly, the crystal models used for other phases present in the system were taken from the following JCPDS cards: 33-0041 (orthorhombic YAP), 16-0219 (hexagonal YAP), 34-0368 (YAM) and 34-0394 (CeO 2 ).
In Koalariet input file, the background is presented by the polynomial function of the 8 th degree. Physical characteristics of the used diffractometer are defined through usage of relevant data for diffractometer radius, tube filament length, sample length, receiving slit length and weight, primary and secondary Soller angle and divergence slit angle. Once those parameters have been established, the microstructural features, i.e. crystallite size and strain, can be precisely determined by calculating the Lorentian and Gaussian contribution in FWHM. The substitution of yttrium by cerium ions was introduced by allowing the variation of yttrium site occupation in garnet crystal lattice. Refinements continued till convergence was reached with a value of the agreement factor, goodness of fit, close to 1 (0.914), which is the measure of how well the fitted model accounts for the data. Refined parameters are given in Tab.1 and Fig.3 . In Fullprof, the profile-fitting procedure was performed using the TCH-pV (Thompson-CoxHastings pseudo-Voigt) function and the asymmetry was corrected until 40 o 2θ. The background was modeled using linear interpolation between 34 points. The position of the peaks was corrected by successive refinement of zero-shift. Unit cell parameters, peak profile, 2θ zero and background parameters were allowed to vary. The instrumental broadenings were analyzed using the XRPD pattern of a standard CeO 2 specimen. XRPD pattern of the standard was fitted by convolution to the experimental TCH-pV function and refinement of the multipolar functions, i.e., symmetrized cubic harmonics (U=0.00621; V=-0.01306; W=0.01116; X=0.00239; Y=0.03573). Refinements continued till convergence was reached with a value of the agreement factor, χ 2 -goodness of fit, close to 1 (0.803). The refinement also converged to the following conventional agreement factors R=5.86, R exp= 17.61, and Rwp=15.3. Refined parameters are given in Tab. 2 and Fig. 4 .
As one can see, the satisfactory peak fitting could be obtained when the twin domain nature of the garnet and CeO 2 phases were taken into account in the case of the Koalariet program.
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Research Trends in Contemporary Materials Science (7) 1.123 (7) 2.910 (7) 4.623 (8) The formation of such a structure in YAG:Ce 3+ particles obtained via spray pyrolysis at higher temperatures has already been recognized and supported by high-resolution TEM observation [6] . The twin domain nature relates to the presence of both the crystalline and inter-crystalline domains in the single-phased grains. The inter-crystalline domain is related to the crystalline zone in the vicinity of the grain boundary having high defects concentration, while the crystalline domain is related to the grain core with higher order of the crystal structure. This behavior is quite expectable in nanocrystaline particles obtained via spray pyrolysis as a consequence of high heating/cooling rates during synthesis procedure. The prolonged heating and input of sufficient energy for diffusion provides more ordering of the inter-crystalline phase, as evidenced by the crystallite size enlargement detected in sample heated for 6h associated with the less strain content [8] . However, the attempt to introduce the same concept in refinement performed by Fullprof resulted in failure of reaching the reasonable data. The reason why acceptable parameters were not reached, might be related to fact that experimental setup of spray pyrolysis leads inevitably to low yield of synthesized nanocrystalline powder, which is reflected in the form of low peak intensity.
Introducing the concept of two domains in Koalariet implied that the refinement of intercrystalline domain could only be done on the assumption that the peak broadening is due to very high density of defects. Thus, within the scope of inter-crystalline domain the crystallite size could not be calculated. On the other hand, refining in Fullprof is done assuming single domain, i.e. crystalline one, as for the polycrystalline materials; however the obtained values for the crystallite size and strain do not reflect the real microstructure of the analyzed nanocrystalline sample. Having this in mind, the determined values of crystallite size and microstrain are not fully comparable, although both fitted models agreed very well with the experimental data and converged to similar values (0.914 -Koalariet and 0.803 -Fullprof). Both programs calculated comparable values for wt%. More evidences regarding more appropriate refinement program, as well as more accurate insight into the nanocrystalline particle structure are expected to be obtained in combination with high resolution TEM. Also, the time-temperature sample history during spray pyrolysis, i.e. the characteristics of the synthesis process applied, must be taken into account when choosing the appropriate refinement program.
Conclusion
Fundamental parameter approach in Koalariet program uses physical based models to generate the line profile shape so it enables the recognition of both crystalline and inter-crystalline domains in a single-phased YAG and CeO 2 grains. Standard approach in Fullprof uses analytical-function fitting (Tompson-Cox-Hastings pseudo-Voigt function) resulting in more correlated crystallite size and strain parameters determination, where inter-crystalline domains could not be considered. Both programs allow obtaining structural and compositional information for all crystalline phases present in analyzed sample.
